Purpose: In this study, the authors determined whether basic patterns of muscle activation for speech were similar in preschool children who stutter and in their fluent peers. Method: Right and left lower lip muscle activity were recorded during conversational speech and sentence repetition in 64 preschool children diagnosed as stuttering (CWS) and in 40 children who do not stutter (CWNS). Measures of electromyography (EMG) amplitude, right-left asymmetry, and bilateral coordination were computed for fluent speech. The potential presence of tremor-like oscillations during disfluencies of CWS was assessed, and EMG amplitudes of fluent and disfluent speech were compared in CWS. Results: Across both speaking tasks, lip muscle activation was similar in CWS and CWNS in overall amplitude, bilateral synchrony, and degree of right-left asymmetry. EMG amplitude was reduced during disfluent compared with fluent conversational speech of CWS, and there was no evidence of tremor in the disfluencies of CWS. Conclusion: These results support the assertion that stuttering in young children arises not from basic features of muscle contraction but rather from the command signals that control the timing and amplitude of muscle activity. The results indicate that no frank abnormality is present in muscle activation patterns in preschoolers who stutter.
I
n both children and adults who stutter, disfluencies occur when the muscles involved in speech production do not produce the precisely timed and coordinated levels of activation necessary for the fluent, forward flow of speech. Given this observation, it is not surprising that considerable experimental effort has focused on the amplitude, timing, and coordination of the speech musculature in individuals who stutter. However, most of this work has focused exclusively on adults who stutter (AWS; Kleinow & Smith, 2000; Max, Caruso, & Gracco, 2003; McClean & Runyan, 2000; McClean, Tasko, & Runyan, 2004; Smith, Sadagopan, Walsh, & Weber-Fox, 2010; Zimmermann, 1980) .
There is a widespread clinical impression that AWS have high levels of muscle tension during stuttering; thus, the hypothesis that excessive or high amplitude muscle activity occurs during disfluent speech has been investigated. Early studies of very few adult subjects supported this claim (Freeman & Ushijima,1978; Shapiro, 1980) ; however, subsequent studies with larger numbers of AWS did not find higher electromyography (EMG) amplitudes in orofacial, jaw, laryngeal, and respiratory muscles during stuttering (Denny & Smith, 1992; McClean, Goldsmith, & Cerf, 1984; McLean & Cooper, 1978; Smith, Denny, Shaffer, Kelly, & Hirano, 1996) . Disfluent speech was characterized by EMG amplitude that was equal to or smaller than amplitudes obtained from surrounding intervals of fluent speech. A preliminary study from our research group (Kelly, Smith, & Goffman, 1995) of nine 3-to 14-year-old children who stutter (CWS) suggested that the CWS did not have higher levels of EMG activity in orofacial muscles compared with children who do not stutter (CWNS). One other account of EMG activity in 10 CWS ages 10-18 years revealed that older CWS and CWNS had comparable levels of lower lip muscle activity (de Felício, Freitas, Vitti, & Regalo, 2007) .
Concerning the timing of muscle activity, it has been suggested that coactivation of antagonistic muscles is an abnormal pattern of activation characteristic of stuttering (Fibiger, 1971; Freeman & Ushijima, 1978; Shapiro, 1980) . Many subsequent studies of speech production have revealed, however, that coactivation of antagonistic muscles is a normal pattern of activation for speech and, therefore, not an abnormal feature of stuttering (Moore, 1993; Moore, Smith, & Ringel, 1988; Smith, 1989) . One study of AWS revealed slight differences in the timing of lip muscle activation during fluent speech (van Lieshout, Peters, Starkweather, & Hulstijn, 1993) . This report is consistent with other findings showing differences in speech motor coordination for the fluent speech of AWS compared with adults who do not stutter (Kleinow & Smith, 2000; McClean & Runyan, 2000; McClean et al., 2004) .
The only frankly abnormal aspect of muscle activation that has been observed in AWS is tremor-like oscillations in the EMG during stuttering. These are involuntary, repetitive, short bursts of muscle activity in the 5-15 Hz range, which have been observed in orofacial, jaw, laryngeal, and strap muscles of the neck. Within an individual who stutters, this activity tends to occur at a consistent frequency across multiple intervals containing disfluencies (Denny & Smith, 1992; Fibiger, 1971; McClean et al., 1984; Smith et al., 1993 Smith et al., , 1996 . Generally, these investigations suggest that tremorlike oscillations are present in about one third of AWS and are more likely to occur during longer disfluencies and in individuals with moderate to severe stuttering. Kelly et al. (1995) examined the spectral properties of EMG for the presence of tremor during stuttering and found that only the three oldest CWS in the group showed tremor during disfluencies.
Various EMG measures have been used to describe fundamental patterns of muscle activation for speech production and other motor tasks. We elected to use indices of bilateral synchrony and relative amplitude of activation. Past research in AWS provides a clear rationale for using these parameters to characterize basic lip muscle activation patterns in CWS. We targeted lower lip activity, considering that the activity of these muscles may be reliably recorded using surface electrodes and because Kelly et al. (1995) found tremor in lower lip muscles in the preliminary study. Although our primary targets were right and left orbicularis oris inferior-a lip rounding muscle-it should be noted that even with intramuscular wire electrodes, it is not possible to isolate the activity of a single lip muscle as the fibers of different lip muscles are intermingled (Blair, 1986; Blair & Smith, 1986) .
Right and left lip and jaw muscle pairs involved in speech production typically show bilateral synchrony in their activation patterns (Goffman & Smith, 1994; Moore et al., 1988; Wohlert & Goffman, 1994) .The zero-lag cross-correlation coefficient computed between EMG envelopes recorded from muscle pairs has been used to assess the synchrony of muscle activation patterns both for typical adult speakers (Moore, 1993; Wohlert & Goffman, 1994) and as an indicator of developmental change in infants and toddlers (Moore & Ruark, 1996; Ruark & Moore, 1997) . To our knowledge, crosscorrelational indices have not been examined in CWS; therefore, we assessed whether bilateral coordination of muscle activity in CWS is comparable to CWNS.
A potentially significant preliminary finding was reported in a recent EMG study of lip muscle activation for speech in five AWS and controls (Choo, Robb, DalrympleAlford, Huckabee, & O'Beirne, 2010) .These investigators reported that lower lip muscle activation was asymmetric in both groups, with controls showing higher levels of right side activation and AWS showing the reverse, greater left activation. They interpreted this finding as evidence of reversed cerebral dominance for speech in AWS. This result is consistent with neuroimaging studies showing that AWS often show overactivation of right hemisphere premotor and motor networks during fluent speech (Braun et al., 1997; De Nil, Kroll, Kapur, & Houle, 2000; Fox et al., 1996; Preibisch et al., 2003) . We assessed the symmetry of right-left lip muscle activation as well as the overall amplitude of each quadrant in both groups of preschool-age children.
In addition to our measures of basic EMG activation patterns in CWS and CWNS, we wanted to characterize lip EMG activity during disfluent speech in CWS. In this case, we used established analyses from earlier studies of disfluent speech in AWS, including measures of EMG amplitude during fluent and disfluent intervals and of the spectra of EMG amplitude envelopes during disfluencies (Denny & Smith, 1992; Fibiger, 1971; McClean et al., 1984; McLean & Cooper, 1978; Smith et al., 1993 Smith et al., , 1996 . The spectral analysis can reveal the presence of tremor-like oscillations in the EMG signal.
Given that stuttering-like disfluencies are fundamentally a disturbance in the pattern of activation of muscles involved in speech production, it is critical to describe the patterns of muscle activation that characterize early stuttering. There has been little work devoted to EMG correlates of speech in CWS. The two EMG studies in CWS we cite did not examine the timing or symmetry of lip muscle activation and included relatively few numbers of CWS, most of whom were older and had a chronic stuttering problem. The goal of the present, cross-sectional experiment was to determine whether patterns of muscle activation for fluent speech differ between preschool CWS and CWNS and to determine whether, within the group of CWS, disfluent intervals of speech are characterized by an atypical pattern of muscle activity compared with their fluent speech. Given that speech motor control processes are much more variable in young children and that adult-like speech rates and interarticulator coordination are not achieved until the ages of 16-18 years (Smith & Zelaznik, 2004; Walsh & Smith, 2002) , studies of AWS cannot serve as a basis to form conclusions about patterns of muscle activation in stuttering in childhood. Finally, the present findings shed light on the neuromuscular bases of stuttering near its onset and have important implications for the treatment of preschool CWS.
In summary, many investigations of EMG activity recorded during the fluent and disfluent speech in AWS have been completed. In general, these studies suggest that in AWS, the amplitude of muscle activation is normal but that the timing of activity may be disturbed, tremor may be present, and patterns of right-left asymmetry may be reversed. On the bases of earlier findings, we tested the hypothesis that adult-like characteristics of EMG activity are present in preschool CWS. If this were the case, we expected to observe (a) similar amplitudes of lower lip muscle activation for speech between CWS and CWNS, (b) less bilateral synchrony of activity in CWS compared with CWNS, and (c) atypical rightleft laterality indices in CWS.
Method

Participants
Sixty-four preschool CWS (47 boys, 17 girls) and 40 preschool CWNS (28 boys, 12 girls) participated in the study. The CWS ages ranged from 3;5 (years;months) to 5;11 (M = 4;7, SD = 7 months); the age range for the CWNS was 3;6-5;10 (M = 4;7, SD = 7 months). Data from these children were collected as a part of a longitudinal research project on developmental stuttering from two sites: the Department of Speech, Language, and Hearing Sciences at Purdue University and the Department of Communication Sciences and Disorders at the University of Iowa. All participants were native speakers of North American English and passed a pure-tone hearing screening at 20 dB at 500, 1000, 2000, 4000, and 6000 Hz. Participants had no history of neurological disorders and were not taking medications that might have affected the experimental results (e.g., for depression, seizures, attention-deficit/hyperactivity disorder) per parent report. All participants scored within normative limits on assessments of nonverbal intelligence, as measured on the Columbia Mental Maturity Scale (Burgemeister, Blum, & Lorge, 1972) , and of social development, measured with the Childhood Autism Rating Scale (Schopler, Reichler, & Renner, 1988) . Additionally, the two groups of preschoolers had comparable socioeconomic status (SES), determined by their mothers' level of education (Hollingshead, 1975) . SES was evaluated by a 7-point scale (1 = less than 7th grade education, 7 = completion of a graduate or professional degree). The average score for each group was 6 (SD = 1).
Stuttering Diagnosis
Children were classified as CWS according to three criteria established by Ambrose and Yairi (1999) and Yairi and Ambrose (1999) : (a) The child was diagnosed as stuttering by a certified speech-language pathologist (SLP) with extensive experience in fluency disorders by taking into account the type, duration, and frequency of disfluencies and the presence and severity of secondary characteristics; (b) the child received a severity rating of 2 or higher on an 8-point rating scale (0 = normal, 7 = very severe) by either the parents and/or the SLP; and (c) the child exhibited three or more stuttering-like disfluencies (SLDs) per 100 syllables of spontaneous speech. SLDs comprise part-word (sound or syllable) repetitions, single-syllable word repetitions, 1 and dysrhythmic phonations (i.e., sound distortions or prolongations, blocks, or broken words; . See Figures 1 and 2 for examples of part-word repetition and a sound prolongation, respectively, from two CWS. The spontaneous speech samples were collected over two experimental sessions with the goal of eliciting a combined 750-to 1,000-word sample. One speech sample was obtained during a parent-child play-based interaction; the other was collected during a play-based session with the SLP. For details regarding the EMG speech sample, see the Conversational Speech section below. Characteristics of the 64 CWS are provided in Table 1 .
Data Collection and Experimental Tasks
EMG and audio recordings were collected with a Biopac MP 150 (Goleta, CA) data acquisition system during the clinician-child play session. After the participant's lower lip skin surface was lightly cleaned with an alcohol pad, five silver/silver chloride (Ag/AgCl) 10-mm pediatric prewired disposable "Kitty Cat" disc electrodes (Kendall) were affixed to the child's skin surface with adhesive collars. A ground electrode was placed on the center of the forehead, and a pair of electrodes were placed horizontally just below the vermillion border of the lower lip between the facial midline and the right corner of the mouth. Another pair of electrodes were placed between the facial midline and the left corner of the mouth (Lapatki et al., 2010) . The acoustic signal was recorded with a microphone positioned near the child that was synchronized to the EMG signal via the Biopac unit. The experimental sessions were videotaped to assist with transcription and classifying disfluencies.
For EMG data collection, 60-s successive trials were collected as each child engaged in conversation with the SLP. Body movement was minimized during data collection by having the child seated at a small table while playing with age-appropriate toys (e.g., games, crayons). The SLP elicited longer speech samples by asking the child questions about his or her special interests (identified on the parent questionnaire). Data collection continued until the child had produced 300-500 words, or approximately half of the target sample (combined with parent-child interaction) of 750-1000 words. Most children produced the requisite number of words in 30 min or less. During this time, another experimenter monitored the EMG recording on a screen and noted instances of fluent and disfluent conversation segments within each 60-s record. Next, we recorded successive repetitions of the phrases "Buy Bobby a puppy" and "Mommy bakes potpies." These short sentences were included in the protocol so that EMG activation patterns could be compared across participants producing the same utterance. The SLP modeled each sentence for the child, then cued the child to produce it independently. Each time the child repeated the sentence, she or he earned a toy monkey to add to a chain until at least 10 productions were obtained.
After the experiment, each speech sample was transcribed and analyzed by research assistants trained by the SLP to code the type (typical or SLD) and frequency of disfluencies. Examples of typical disfluencies include whole phrase repetitions, fillers (e.g., "uh," "um"), interjections, and revisions. For reliability, the SLP reanalyzed each transcript. 1 We note that counting single-syllable whole-word repetitions as SLDs is controversial. For example, Conture (1990) maintained that the repetition of single-syllable words is not stuttering but indicates an expressive language delay. We elected to use the classification system established by Yairi, Ambrose, and colleagues because of the strong evidence that stuttering can be clearly differentiated from normal disfluencies in preschoolers by using their weighted SLD method .
On the occasion where agreement accuracy levels between the SLP and the research assistant were less than 85%, the SLP met with the assistant to review specific examples until a consensus was reached.
Data Analysis
EMG processing. During data collection, EMG signals were amplified, bandpass filtered at 10-500 Hz, and sampled at 5,000 samples per second. These files were then exported into MATLAB. We used a custom-written MATLAB script to down-sample the data to yield a sampling rate of 1,000 samples per second per channel. EMG signals were then high-pass filtered at 20 Hz and low-pass filtered at 300 Hz, notch filtered at 60 Hz to remove line noise, demeaned, and full-wave rectified.
Conversational speech. A separate MATLAB script allowed the experimenter to view any portion of a 60-s record of right and left lower lip (LL) EMG and acoustic signals and to play back the audio from selected portions. The transcripts created from the clinician-child interactions along with online judgments of fluency were used to guide the location of fluent and disfluent conversation segments. The experimenter carefully reviewed each of the 60-s trials containing disfluencies (in case of CWS) and extracted up to twenty 1-s disfluent EMG segments from the record with a cursor. An algorithm determined each 1-s segment from where the experimenter initially indicated with a cursor. Video was used in instances of uncertainty-for example, to ascertain whether the child was in a silent block versus pausing. The 1-s disfluent segments could be part of a longer or contain a shorter (< 1 s) SLD. If the child produced more than the requisite 20 disfluencies, we attempted to take an approximately equal number of samples from the beginning, middle, and end of the session. We used the same algorithm to extract twenty 1-s fluent conversational EMG segments for all subjects. As with the disfluent samples, attempts were made to extract approximately equal numbers of fluent segments from the beginning, middle, and end of the session. Fluent segments from CWS were not selected if they were immediately adjacent (within 0.5 s) to disfluent segments (Smith et al., 1993) . The 1-s fluent-disfluent conversation segments were then smoothed with a 61-point window to produce an EMG envelope for each extracted sample. See Sentence repetition. Up to 10 fluent productions of "Buy Bobby a puppy" and 10 fluent productions of "Mommy bakes potpies" were extracted using the acoustic signal for each participant (Figure 3) . A sentence was judged to be error-free when it did not contain substitutions, omissions, additions, any disfluency, aberrant prosody, or inappropriate pauses. The extracted sentence files were also smoothed with a 61-point window to produce the EMG envelope for each sentence repetition.
EMG amplitude. We calculated the area of the left and right smoothed LL EMG by using trapezoidal Riemann sums to estimate the integral for each 1-s conversation record and then averaged across the total number of fluent and disfluent records for each child. Similarly, the area of the left and right LL EMG signals was calculated for each sentence repetition; then, the average across all productions of "Buy Bobby a puppy" and "Mommy bakes potpies" was determined for each child. We used values of the integrated amplitude of the EMG envelope for all analyses. These amplitude values are highly variable across participants. In addition to the activity of muscles, the signal reflects the relative impedance at the electrode-skin interface and other variables, such as the thickness of the tissue between the electrode and the active muscle fibers (for a recent review, see Stepp, 2012) . A common approach to minimize these potential sources of variability is to normalize EMG amplitude for the experimental tasks to a criterion value (e.g., express task EMG as a percentage of the criterion EMG amplitude for a maximal gesture, such as lip pursing; see Smith, McFarland, Weber, & Moore, 1987; . We elected not to use this approach in the current study, however. We speculated that preschoolers' "interpretation" and performance of such a criterion gesture would be unreliable. We believe it is reasonable to make across-subject and between-group comparisons using nonnormalized EMG values, because we have no reason to believe that, for example, impedance values would be on average higher in one or the other group. Potential problems in amplitude comparisons are also mitigated by the large number of preschoolers in each experimental group.
Laterality index. Using the average right and left LL EMG amplitude measures for the set of 1-s speech segments, we computed a separate index of laterality, (R -L)/(R + L) × 100, for each participant for the fluent conversation and sentence production segments.
Bilateral synchrony. To provide an index of bilateral synchrony, we computed pairwise zero-lag cross-correlation coefficients for the two (left and right) EMG recording sites across each 1-s conversational speech interval and sentence repetition for each participant. These were the same samples used for the EMG amplitude calculations. The correlation coefficient for each production was squared, and then an average was calculated across all samples for a particular condition (i.e., fluent or disfluent sample, "Mommy" or "Bobby" sentence) for each participant. Spectral analysis. After weighting with a hamming window, spectra of the EMG amplitude envelopes were computed using a fast Fourier transform. The total spectral energy from 1 Hz to 35 Hz and the spectral energy associated with tremor (5-15 Hz) were determined. We elected to include energy out to 35 Hz only, because this region comprises most of the energy in the EMG signal after it has been rectified and smoothed (Figure 4) . Finally, we divided the spectral energy in the 5-15 Hz band by the total spectral energy to determine what percentage of the total spectral energy occurred within the 5-15 Hz region that is associated with tremor in AWS (Denny & Smith, 1992; Fibiger, 1971;  Note. CWS 64 withdrew from the study before completing the full protocol; therefore, his data were excluded from correlation analyses involving SLDs. SES = socioeconomic status; SLDs = stuttering-like disfluencies; M = male; F = female. McClean et al. , 1984; Smith et al., 1993 Smith et al., , 1996 . The 5-15 Hz region is marked by vertical lines in Figure 4 . Table 2 provides the number of sentence repetitions and disfluent and fluent 1-s speech samples produced by the preschoolers in each group. Data from participants who produced six or fewer fluent or disfluent conversational speech samples or sentence productions were omitted from the statistical analysis.
Statistical Analysis
For the conversational speech task, a potential group difference (CWS vs. CWNS) in EMG amplitude was assessed with an analysis of variance (ANOVA) with repeated measures on side (2: right, left). A one-way ANOVA was calculated to assess a between-group difference in the squared cross-correlation coefficients between left-right LL EMG amplitude envelopes. For the sentence production task, separate ANOVAs with repeated measures on side (2) and sentence type (2: Bobby, Mommy) for EMG amplitude and sentence (2) for the squared cross-correlation coefficients were calculated. Similarly, between-group differences in laterality index values were assessed with a one-way ANOVA or, in the case of the sentence task, a repeated measures ANOVA. Finally, within-group differences in EMG amplitude, tremor, and crosscorrelation coefficients in the CWS were examined with separate ANOVAs with repeated measure on fluency (2 fluent, disfluent) and side (2). For all ANOVAs, alpha level was set at p < .05.
We performed correlational analyses to assess the potential relationships between (a) laterality index values and age (in months); (b) type of SLD and EMG amplitude and presence of tremor; and (c) severity (stuttering frequency) and EMG amplitude, tremor, and laterality during conversational speech. We examined scatter plots of these correlations to ensure homoscedasticity and an approximately linear relationship of the data before conducting Pearson's r correlations ( p < .01).
Results
CWS and CWNS: Between-Group Comparisons
Initial ANOVAs showed no significant differences between the preschool boys and girls in either subject group with respect to any EMG dependent variable. Therefore, data were pooled across sex in each group for all subsequent analyses. Conversational speech. We compared LL EMG activity during fluent conversational speech between the two groups of participants. There was no significant difference in EMG amplitude between the two groups of preschoolers, F(1, 101) < 1. Table 3 provides means and standard deviations for measured variables. There was, however, an effect of side. Left LL EMG was significantly larger than right LL EMG for both groups of preschoolers during conversational speech, F(1, 101) = 8.08, p = .005. The interaction between side and group was not significant. An ANOVA did not reveal a between-group difference in the squared crosscorrelation coefficients between left and right LL EMG amplitude envelopes for fluent conversational speech, F(1, 101) < 1.
Sentence production task. Similarly, there was no significant between-group difference in LL EMG amplitude, F(1, 75) < 1, for sentence production. The effect of sentence was significant, F(1, 75) = 87.64, p < .001; "Mommy bakes potpies" elicited greater LL EMG amplitudes compared with "Buy Bobby a puppy" in both groups of preschoolers (the interaction between sentence and group was not significant). The effect of side was also significant, F(1, 75) = 7.55, p = .008. As in the conversational speech analysis, left LL EMG was significantly larger than right LL EMG in both groups. The Side × Group and Sentence × Side × Group interactions were not significant. Analysis of the squared cross-correlation coefficients between left and right LL amplitude envelopes did not reveal a significant between-group difference, F(1, 75) < 1. Differences between the two types of sentences or in the interaction between sentence and group were not significant. The means and standard deviations for these variables are shown in Table 3 .
Laterality index. The group means and standard deviations for the laterality index are also listed in Table 3 . The higher the positive index, the greater the degree of right LL EMG amplitude; a negative index denotes larger EMG amplitude in left LL. There was no significant difference in degree of laterality between the groups for the conversation, F(1, 101) < 1, or sentence production, F(1, 75) < 1. We noted a high degree of individual variation in the laterality indices; Figure 5 contains a plot of individual indices for conversational speech for each subject as a function of age. Pearson's r correlations between age and laterality indices were obtained for fluent speech and the two sentences. Modest correlations were found between age and laterality index for fluent conversation (r = -.28) and the sentence "Buy Bobby a puppy" (r = -.25) but narrowly missed significance for the sentence "Mommy bakes potpies" (r = -.20) at p < .01 after Bonferroni correction. These negative correlations suggest that, to some degree, older children had a higher frequency of left greater than right laterality indices.
CWS: Fluent and Disfluent Speech
Types of SLDs. Table 1 provides a breakdown of the types of SLDs produced by each child who stutters per 100 syllables of conversational speech. Single-syllable word repetitions (SS; 45%) and part-word repetitions (PW; 34%) were the most frequent type of SLD manifested in CWS. Dysrhythmic phonations (DP) accounted for approximately 21% of the total number of SLDs. To determine whether one particular type of SLD was associated with a specific pattern of EMG activation (i.e., greater amplitude of LL muscle activity or presence of tremor), we computed Pearson's r correlations to summarize the strength of the relationship between EMG amplitude and spectral characteristics and frequency scores for the three categories of SLDs (SS, PW, DP). No correlation reached statistical significance at p < .01 (all rs between -.19 and .01). Moreover, earlier EMG reports in AWS had not shown one type of SLD to be associated with appreciably different EMG activity in terms of tremor oscillations or amplitude of activation (Denny & Smith, 1992; McClean et al., 1984; Smith et al., 1996) . Therefore, disfluent segments from each child who stutters were combined for all subsequent analyses of disfluent speech.
Another issue that arises relating to combining all SLDs from one participant for analysis is whether EMG patterns for SLDs would systematically differ depending on the phonetic construct of the target word. For example, "ma Table 3 . Means (and SDs) for variables of interest by group and speech task.
Speech task
Left EMG amplitude (mV/s) ma mommy" intuitively would show a different lip EMG pattern compared with "ca ca cake." In continuous speech, however, EMG activation patterns do not map onto single phonetic segments; rather, present results and previous results for lip, jaw, and laryngeal muscles (e.g., Moore et al., 1988; Smith et al., 1996) suggest that EMG activity is continuous and graded, both prior to and during speech. The EMG records in our figures illustrate this graded activation.
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Conversational speech. For the CWS, there was a significant difference between the fluent and disfluent conversation samples in the overall amplitude of EMG activity, F(1, 54) = 61.65, p < .001. Disfluent conversational segments (M = 28.5 mV/s, SD = 15.8 mV/s) were associated with reduced activity compared with fluent segments (M = 38.7 mV/s, SD = 21.8 mV/s). There was also an effect of side, F(1, 54) = 4.88, p = .03. Left LL (M = 35.3 mV/s, SD = 18.5 mV/s) showed greater activation compared with right LL (M = 31.9 mV/s, SD = 19.1 mV/s) for fluent and disfluent speech combined. The interaction between side and speech fluency was not significant.
We found no evidence of tremor (seen as higher energy in the 5-15 Hz band in disfluent compared with fluent segments) during moments of stuttering in the CWS, F(1, 54) < 1. Disfluent speech (M = 24%, SD = 9%) had the same percentage of spectral energy within the 5-15 Hz band as fluent speech (M = 24%, SD = 12%). In addition, visual inspection of all disfluent speech samples suggested no evidence of the presence of tremor-like oscillations, which, in AWS, are often clearly visible in the unprocessed EMG recordings (see Figure 3A in Smith et al., 1993) . Finally, there was no difference in the synchrony of right and left LL muscle activity as indexed by zero-lag squared cross-correlations between left and right LL EMG amplitude envelopes for disfluent and fluent speech, F(1, 54) < 1.
Severity correlations. Last, we computed correlations between our measure of stuttering frequency (SLDs per 100 syllables) and measures of left and right LL EMG amplitude, laterality, and tremor during disfluent conversational speech. None of the correlations reached statistical significance at p < .01; r values fell between -.07 and .19.
Discussion
We assessed fundamental properties of perioral muscle activation in a large group of preschool CWS and in a matched group of CWNS. Our results clearly demonstrate that basic patterns of lip muscle activation are similar between groups of 4-and 5-year-old CWS and CWNS in terms of overall amplitude, bilateral synchrony, and degree of right-left amplitude asymmetry. These EMG characteristics were consistent across two speaking tasks: fluent conversational speech and repetitions of two short sentences that included many bilabial sounds. We found that, on average, EMG amplitude was reduced during disfluent compared with fluent conversational speech intervals in the CWS. Finally, we found no indication that the EMG activity of LL 2 The absence of clear relations between target words and EMG patterns during an SLD is clearly illustrated in Figure 1 , in which lip EMG amplitude during a nonlabial part-word repetition ("ga") is indistinguishable from EMG activity associated with a bilabial sound prolongation ("mmm"). 
Basic Muscle Activation Patterns: CWS Versus CWNS
Bilateral synchrony. The surface electrode pairs we placed on the right and left LL would be expected to record the combined activity of orbicularis oris inferior and activity of other perioral muscles whose fibers are found in this region (Blair & Smith, 1986; Zemlin, 1998) . Earlier investigations in which these electrode placements were used to detect LL muscle activity demonstrated robust muscle activation for speech with bursts of activity associated with lip rounding gestures (Goffman & Smith, 1994; Ruark & Moore, 1997; Wohlert & Goffman, 1994) . We also observed robust activity bilaterally in the LL EMGs of the preschool children.
One question we wanted to address was whether early stuttering is associated with a disturbance in bilateral coordination of oral muscles. An earlier study from our laboratory, Goffman and Smith (1994) , used spectral coherence analysis to determine whether the muscle fibers belonging to a single motor unit were found in a single, ipsilateral quadrant of the LL or whether motor neuron axons cross midline to innervate contralateral perioral muscle fibers. Results from this study indicated that the muscle fibers belonging to single motor units are ipsilaterally distributed. Therefore, our right and left EMG recordings from the children's lower lips sampled the activity of distinct groups of motor units. Goffman and Smith (1994) also noted that cross-talk (evidenced by high levels of broadband coherence in the lower frequency range) from contralateral LL recordings arose only at very high amplitudes of lip rounding activity. Given that speech does not involve high levels of perioral muscle activity, cross-talk between right and left recordings should not have been a confounding factor in the present experiment.
Given these observations, we can conclude that for right and left LL muscles to produce bilaterally synchronous activity for speech, the motor commands driving the right and left perioral motor neuron pools must be coordinated to produce the required amplitude and timing of lip muscle activity. The zero-lag cross-correlations for left and right LL we observed for the children's conversational speech and sentence productions typically ranged from .5 to .9. This range is similar to those reported in earlier studies of the activation of synergistic jaw muscles during speech in adults (Moore, 1993; Moore et al., 1988) and of right upper and LL muscles in 2-year-olds during speech (Ruark & Moore, 1997) . Thus, our preschoolers showed bilaterally coordinated activity. We did not see a difference in the bilateral synchrony of LL muscle activation between our subject groups. This finding provides evidence that the nervous system in both CWS and CWNS is delivering similar command signals to the right and left sets of motor neuron pools that innervate muscle fibers in the right and left LL quadrants.
Right-left asymmetries in EMG amplitude. Given the findings of Choo et al. (2010) concerning a reversal of presumably normal, right-dominant LL EMG asymmetry during speech in a small group of AWS, we compared the amplitudes of right and left EMG recordings and computed a laterality index for each participant for both speech tasks. No significant differences were observed between groups on the laterality index; both groups of children, on average, had significantly higher left LL EMG amplitudes. It should be noted that the individual left-right laterality indices were variable, with some children showing higher amplitude of activation of right LL quadrant (see Figure 5 ). There was a modest trend for more of the older children in our sample to have the left-greater-than-right amplitude asymmetry, so this may reflect a developmental trend.
We frankly are unsure how to interpret the finding of higher left LL activation on average or the trend for higher left EMG amplitude laterality indices with increasing age in both groups. Choo et al. (2010) interpreted their results to indicate that AWS have less left cerebral dominance for speech, considering that they activated left LL more than right, whereas the normally fluent controls showed the reverse pattern of right LL more than left. We suggest that this interpretation is overly simplistic in light of recent evidence from transcranial magnetic stimulation studies. Stimulation of primary motor facial areas in each hemisphere typically produces contralateral and ipsilateral activation of LL muscles in human subjects (Fischer, Hess, & Rössler, 2005; Meyer, Werhahn, Rothwell, Roericht, & Fauth, 1994; Triggs, Ghacibeh, Springer, & Bowers, 2005; Urban, Beer, & Hopf, 1997) . Triggs et al. (2005) reported considerable variability among the large number of adults they tested, but there was a trend for left LL muscle activity to be evoked at lower thresholds from both right and left primary motor areas. Related to developmental changes, understanding the trend for emerging more left than right LL muscle activation for speech in young children must await further study, considering we know of no extant studies of this phenomenon. On the basis of our findings, it seems reasonable to conclude that an atypical laterality index for LL muscle activation for speech is not a candidate for a marker of early stuttering.
CWS: Fluent Versus Disfluent Speech
From our study of 64 preschool CWS, we draw the conclusion that disfluencies are not the result of excessive perioral muscle activity. In fact, disfluent speech in the CWS was associated with reduced lip muscle activation compared with fluent speech. This finding seems counterintuitive given the often-stated clinical impression that individuals who stutter manifest excessive orofacial tension, especially during moments of disfluency. The perception of orofacial tension (or muscle tension in general) does not necessarily arise from excessive muscle activation. For example, no relationship between the perception of high levels of muscle tension and increased EMG activity in facial, neck, and shoulder muscles was found in people who suffer from headaches and myalgia (Bansevicius, Westgaard, & Jensen, 1997; Nilsen et al., 2006) . Of course, we recorded activity only of LL muscles, and it could be the case that other muscle systems involved in speech-for example, respiratory and laryngeal muscleswould show excessive activation, but there was no visible or audible evidence that this was the case. In addition, studies of AWS from our laboratory and others have not revealed excessive muscle activation in articulatory, laryngeal, or respiratory muscles during disfluencies (Denny & Smith, 1992; McClean et al., 1984; McLean & Cooper, 1978; Smith et al., 1996) . Given results of past studies and the present findings of fundamentally normal perioral muscle activation patterns in preschool CWS, we would conclude that disfluencies in young CWS and AWS arise as a result of an interruption of well-timed and coordinated command signals to the muscles involved in speech, rather than some properties inherent to the motor neurons (e.g., high gain motor neuron pools; Smith & Luschei, 1983; Zimmermann, 1980) . Previous studies have suggested that this involuntary interruption in command signals can be widespread in AWS, affecting articulatory, laryngeal, and respiratory systems (Denny & Smith, 1992; McClean et al., 1984; McLean & Cooper, 1978; Smith et al., 1996; Zocchi et al., 1990) . Starkweather (1995) proposed "a simple theory of stuttering," with the fundamental premise that "the proximal cause of stuttering is the elevated activity in the muscles involved in speech production" (p. 91). On the basis of the present results, we would argue that the proximal cause of stuttering in preschoolers is not elevated muscle activation. Furthermore, there was no correlation observed between EMG amplitude during speech and severity of stuttering as measured by SLDs per 100 syllables, which is also consistent with the idea that heightened muscle activation is not "the proximal cause of stuttering."
What causes disruptions to command signals driving speech musculature that result in perceptible disfluencies? We have proposed that stuttering is dynamic and multifactorial in nature (Smith & Kelly, 1997) . We hypothesize that these interruptions in motor commands are caused by the dynamic interplay of many neural networks involved in generating speech. Young children are developing the complex, interactive neural networks involved in language production-those involved in language processing, emotions, speech motor planning, and production. CWNS have many normal disfluencies when these systems cannot operate quickly and accurately enough to meet the communication demands of the situation. The preschool child diagnosed as stuttering experiences qualitatively and quantitatively different breakdowns in fluency, categorized as SLDs . On the basis of the findings of the Illinois Stuttering Project, we expect that approximately half of the present sample of CWS will recover given that they were recruited at age 4 and 5 years (note that recovery rates are much higher, estimated at 65%-80%, if children are ascertained closer to the onset of stuttering; Yairi & Seery, 2011) . The present findings suggest that speech muscle systems of preschoolers who are stuttering are capable of age-appropriate, normal activation patterns in terms of amplitude and timing. The fact that approximately half of the present sample of 64 CWS will recover points to another significant issue. Our present analyses are based on means of the stuttering and nonstuttering groups, but the stuttering group actually comprises two groups: those children who will recover and those who will have a chronic stuttering problem. The question arises as to whether these two subgroups of CWS, persistent and recovered, would be distinguishable on some of the EMG measures we used. We cannot answer this question at this time, but at the end of our longitudinal investigation, we will be able to examine differences between recovered and persistent groups. Therefore, it is important to note that although CWS-CWNS differences were not detected in the present cross-sectional analysis, the potential predictive value of EMG measures with regard to persistence or recovery has not yet been determined. For example, we can test the hypothesis that CWS with a higher left-right EMG laterality index are more likely to recover.
From the therapeutic viewpoint, the present results contain another encouraging finding. There was no evidence among our large sample of preschoolers who stutter that tremor-like oscillations of muscle activity were already present during disfluencies. As noted in the introduction, tremor is the only frankly aberrant sign of muscle activation observed during disfluencies in EMG in older CWS and AWS (Denny & Smith, 1992; Fibiger, 1971; Kelly et al., 1995; McClean et al., 1984; McLean & Cooper, 1978; Smith et al., 1993 Smith et al., , 1996 . Tremor should not be confused with secondary characteristics of stuttering (e.g., facial grimacing, nostril flaring, head jerks, eye blinks) that may be present in up to 75% of preschoolers who are stuttering (Yairi & Ambrose, 2005) . Rather, it is a neuromuscular oscillatory behavior that may or may not be visible in AWS. This synchronous, repetitive discharge of groups of motor units in the 5-15 Hz band is highly maladaptive. The forward flow of speech cannot be resumed while motor units are entrained in involuntary, repetitive, synchronous discharge. This repeated pattern of entrainment can also be present across muscle systems (e.g., laryngeal and orofacial; Smith et al., 1993) during disfluencies. The fact that these tremor-like oscillations of muscle activity have not yet emerged during stuttering, at least not in the perioral system in the children we assessed, is also a positive indication for early treatment.
As a final note, we do not want to encourage the conclusion that the speech motor systems of prechoolers who are stuttering are characterized by a completely typical developmental trajectory. The present findings regarding perioral muscle activation revealed no atypical patterns of activation; however, other measures of speech motor processes in this age group suggest that many CWS are lagging behind their typically developing peers in interarticulator coordination consistency, especially when linguistic demands are higher (MacPherson & Smith, 2013) . This may indicate, as we and others have suggested earlier (Namasivayam & van Lieshout, 2011; Smits-Bandstra, DeNil, & Rochon, 2006; Zelaznik, Smith, Franz, & Ho, 1997) , that differences between stuttering and nonstuttering individuals are more likely to be observed in measures that reflect multieffector coordination, whereas measures of basic movement parameters, such as EMG or movement This article, along with updated information and services, is
